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__TAL STUDY OF ZER0-FLOW EJECTORS USING GASDOUS NITROGEN

By Wiliiam L. Jones 3 Harold G. Price, Jr.

and Carl F. Lorenzo

SUMMARY

Experimental models of two zero-flow e_ector t_es were studied to_ .,

determine the factors important in De de_ _of such ejectors for alti-

tude testing of rocket engines. Thainvestigation covered bot_%_raight-

tube and second-throat ejector types, and used both bell-sg_ped and 15°-

conical primary nozzles having area ratios of 25:i. A second i5°-conical

primary nozzle having an area ratio of 50:I was also used. Both ejector

types were investigated over a range of area ratios and length-to-

diameter ratios. Second-throat ejectors were investigated at several

contraction angles.

A chamber-to-ambient starting-pressure ratio of about_ required

to provfde full nozzle flow for both bell and conical 25:i-_rea-ratio ....
nozzles operating with a straight-tu_Lee ejector having a leith-to-

diameter ratio of 8 and an ejector-to-nozzle-throat area ratio of 28.

A reduction from 23 to 13.5 in chamber-to-ambient starting-pressure ratio

for full nozzle flow was obZained by use of a second-tlu'oat ejector having

a 6° contraction angle, a contraction area ratio_ 2.14; and a second-

tbmo_t length-to-dimmeter ratio of 6.0.

Experimental maxi_ _.Tector contraction area ratios and starting
.. _m _ :_ _:y 7 7

performance are given for a_ge of ejector inlet _ch numbers from i

to i0.

INTRODUCTION

Rocket engines having large-area-ratio exb_ust nozzles are of prime

interest for outer atmosphere and space ve_eles, Per±onr_n_ evaluation

of these engines at sea-level exhaust press_'e provides only off-deslgn

data. Evaluation of performance at_ .... _n altitude may be accom-

plished in an altitude facility, but the_haust flow and cooling limita-

tion of curr_ntiy available facilities im_se serious _-_ _"i._z_oa_!ons on the

size or thrust level of the rocket engine that may be tested. Another

method of providing low exit engine pressure is by utiiizing the high



kinetic energy of the rocket exhaust to drive a zero-flow ejector device.
Ejector devices do not restrict the size of the engine_ the only restric-
tion imposed is that of a sufficient primary-stream pressure ratio.

The term "zero-flow ejector" is used to denote a shroudlike device
that attaches to the exit of a primary convergent-divergent nozzle. The
device utilizes the high kinetic energy of the primary stream_ by super-
sonih diffusion; to provide a reduction in the primary-nozzle back pres-
sure. A description of the ejector-flow process is given in RESULTSAND
DISCUSSION.A theory for predicting the performance of cylindrical
ejectors is given in reference I.

Inasmuchas the flow process of the zero-flow ejector is similar
to supersonic-diffuser devices_ the results of several diffuser experi-
ments are included for comparison. _ese results (refs. 2 to 5) were ob-
tained with two-dimensional supersonic diffusers in the Machnumberrange
1.9 to 9.6. The present investigation 3 in the Machnumberrange from
about 5 to 63 _s conducted with smali-scale_ fixed-geometry cylindrical
and conical zero-flow ejectors to determine their performance and optimum
design for use with rocket engines. This Machnumberrange corresponds
to an area-ratio range of approximately 25 to 55 for nitrogen gas (used
for this investigation)_ or about 25 to 150 for rocket engines using a
wide variety of propellants.

Twogeneral types of ejectors were studied: the straight-tube ejec-
tor and the second-throat ejector. Two 25:l-area-ratio primary nozzles
were used with each ejector type: a bell shape3 and a 15° conical. A
S0:l-area-ratio iS°-conicai nozzle was also used with several ejector
configurations. The straight-tube ejectors were studied over a range of
ejector-to-nozzle-throat area ratios from 28 to 51 and a range of ejector
length-to-diameter ratios from 2 to 16. Second-throat ejectors were
studied over a range of contraction area ratios from 1.66 to 2.49_ con-
traction angles from 3° to 15°3 and overall-length-to-diameter ratios
from about 2 to ii. The investigation covered a range of chamber-to-
ambient pressure ratios from about I0 to _8.

!

A

D

d

L

SYMBOLS

The following symbols are used in this report:

cross-sectional area

maximum diameter

minimum diameter

overall length
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second-throat length

M _%ch n_,_mber

P total press_-e

(Pc/P0)min minimumstarting and operating ejector pressure ratio

p static pressure

s spacing

y specific heat ratio

5

£
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o Subscripts :

m

c

contraction angle

nozzle area ratio 3 Ae/Atj !

subsonic-diffuser angle

contraction area ratio; Aej/At, 2

chamber

e exit

ej - ejector

n nozzle

throat ....

0 ambient

i nozz !e t_moat

3 subsonic-diffuser exit

APPARATUS AND PROCEDURE

Test Eq_{_ent

The test equipment included a chmmber and a primary nozzle to which

a series of ejector configurations could be attached (fig, 1). Provisions

were made for changing prima_-g nozzles as well as ejector configurations.



Twoi5°-conical nozzles having area ratios of 25:1 and 50:1 and a bell-
shaped25:l-area-ratio nozzle were used. The bell-shaped nozzle had a
length equal to 80 percent of the 15°-conical nozzle, with a 4° divergent
angle at the exit. All nozzles had throat diameters of 0.26 inch. Nitro-
gen gas supplied by a hlgh-pressure bottle system was used as the working
fluid. Nozzle and ejector pressures were measuredby using a mercury
manometersystem.

Ejector Configurations

Straight-tube ejectors. - Three tubes of different diameters having

sufficient length to permit investigation of length-to-diameter ratios

up to 16 were used. A 2:l-area-ratio subsonic diffuser was provided for

attachment to the end of each straight tube.

Second-throat ejectors. - Second-throat ejectors incorporated seg-

mented construction that permitted interchanging of the various nozzle

and ejector configurations. The ejector configurations permitted varia-

tion of ejector spacing_ contraction angle, contraction area ratio_ and

second-throat length-to-diameter ratio (see fig. 2).

A list of all the configurations for both straight-tube and second-

throat ejectors investigated is given in table I.

Procedure

Ejector data were obtained by increasing chamber pressure (thereby
increasing chamber-to-ambient pressure ratio) in steps from a low value

up to about 48 atmospheres. Hysteresis effects were determined by de-

creasing chamber pressure in steps from about 48 atmospheres down to low

values. At each value of chamber pressure_ the chamber_ nozzle exit, and

ejector pressures were recorded by photographing a gage and manometer

system. A mercury barometer was used to determine the atmospheric or
ambient pressure.

Straight-tube ejectors were studied over a range of ejector-to-nozzle-

throat area ratios from 28 to 51 and over a range of ejector length-to-

diameter ratios from 2 to 16. Ejector performance was also evaluated both

with and without a 2:l-area-ratio subsonic diffuser.

Second-throat ejectors were investigated over a range of contraction

area ratios from 1.66 to 2.48 for contraction angles of 5° , 6o3 and 15 °.

Ejector spacing-to-diameter ratio was varied from 0 to 3.2, and second-throat
length-to-diameter ratio was varied from 0 to i0. A 2:l-area-ratio sub-

sonic diffuser was used with all second-throat configurations.
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RESULTS AND DISC_SiON

Ejector and nozzle starting and hysteresis effects are iiiustrated

by typical ejector perfor_ce Durves in figures S and 4. As the overall

pressure ratio Pc/Po of the nozzle_ejector _ combination is increased

from a low va!uej first the nozzle and then the ejector start. _ne term

"start" is used to define the region where_ a constant nozzle or ejector

pressure ratio (pn/Pc or Pej/Pc) exists. This region corresponds to

full or attached supersonic flow in the nozzle and in the ejector. Ex-

perimental evidence (nozzle exit and ejector pressures) indicates that

the free-stream expansion occurring after the full-flowing supersonic

nozzle in a full-flowing ejector occi_s at nearly the isentropic value

corresponding to the expansion ratio. _isbccurrence _a_ be explained

theoretically (ref. i) by a Prandtl-I_yer @_ansion at the nozzle exit.

As the expanded flowthen comes into contac t with the ejector tube wall,

an attadhed shock system is pI_d_ed. This shock system extends several

tube diameters downstream before completion (ref. 6).

The minimum starting-pressure ratio Pc/Po obtained by increasing

Pc/P0 is defined as the lowest value that results in constant pn/Pc

or Pej/Pc (figs. 5 or 4). After ejector starting has occurred, a region

extending to a somewhat lower v_iue of Pc/P0 _y exist for certain

ejector types (see fig. 4). This region, which includes the start region 3

is called op a_ and is obtained by decreasing Pc/P0. The difference

between the minimum start and minimumoperatepoints is a result of

hysteresis effects that are present, depending upon nozzle and ejector

design.

A region of instability exists between points of minimum atart for

the nozzle and for the ejector (fig. 5). 0pe.ration in this region resets

in pressure fluctuations and loud buzzir_ noise. Stable operation of

the ejector-nozzle combination then _-restricted to the start and oper-

ate regimes associated with the ejector.

Straight-Tube Ejectors

The effect of ejector-to-nozzle-tD_roat area ratio Aej/At_ i on the

minimum ejector starting-pressure ratio PC/P0 for all st_ight- tube

ed_+_o_s investigated is sho_m in flg_e 5. Data are sho_ for ejector

area ratios from 28:i to 51:1 for_ _Dell and conical 2S:!-area-ratio

nozzles_ _n_s a single point iN...._nciuded for the 51:l-area-ratio ejector

with a 50:i-area-ratio conical nozzle. Two theoretical curves are also

presented_ one with subsonic diffusion and the othe r without. These
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curves were calculated from one-dimensional theory (ref. 7), assuming
normal shock recovery with and without 2:l-area-ratio subsonic diffusion.
The effect" of nozzle contour and of nozzle area ratio on ejector starting
performance is illustrated by the data for the 51:l-area-ratio ejector.
The 25:1- and 50:l-area-ratio conical nozzles operating with the 51:l-
area-ratio ejector gave nearly the sameejector starting-pressure ratio.
The bell nozzle operating with the 51:l-area-ratio ejector required a
somewhathigher pressure ratio than the conical nozzles.

Because of the relatively small effects of nozzle contour and noz-
zle area ratio on the straight-tube ejector starting performance, the
experimental curves presented in figure 5 can be used with reasonable ac-
curacy for gases with a specific heat ratio of 1.4 to predict the starting
performance of any ejector-nozzle combination from low values of ejector
area ratio to values of 50:1 or higher. In designing an ejector to operate
with any rocket exhaust nozzle_ the best starting or operating pressure
ratio is always obtained with an ejector of approximately the samearea
ratio as the nozzle itself. In the present investigation_ it was deemed
desirable that the minimumejector size be slightly larger than the nozzle
itself in order to minimize the possibility of nozzle-ejector interactions.
The data of figure 5 are_ howeverj useful to predict performance of
nozzle-ejector combinations not only for the case where the ejector and
nozzle are of similar size but for ejector-nozzle combinations where the
ejector tube is muchlarger than the nozzle.

The effect of ejector overall-length-to-diameter ratio L/Dej on
Pc/Po for the three ejectors investigated is shownin figure 6. Data
are shownfor a range of length-to-diameter ratios from 2 to 16 for both
bell and conical nozzle and with and without a 2:l-area-ratio subsonic
diffuser.

The minimumchamber-to-ambient starting-pressure ratio occurred at
overall-length-to-diameter ratios between 8 and i0 for all configurations
investigated. Higher starting-pressure ratios were required for the bell
nozzle with the 51:l-area-ratio ejector at all length-to-diameter ratios
than were required for the conical nozzle and the 51:l-area-ratio ejector.
By use of a 2:l-area-ratio subsonic diffuser with the 26:l-area-ratio
ejector_ the samestarting performance could be obtained at an overall
length-to-diameter ratio of about 5.5 as was obtained without the diffuser
at an overall length-to-diameter ratio of iO. Similar effects with the
subsonic diffuser are shownfor the 33:1- and 51:l-area-ratlo ejectors.

Second-Throat Ejectors

The spacing between the second-throat contraction and the nozzle for
each configuration is a factor that determines whether the ejector-nozzle



combination can be started._o avoid possible interactiDnbetween the
, ejector and nozzle_ it was deemeddesirable to provide somedistance be-

tween the plane of the nozzle exit and the beginning of the second-throat
contraction. The effect of this distance _ or ejector spacing ratio
s/Dej , on pn/Pc for three typical second-throat ejectors with both bell
and conical nozzles is presented in figure 7 (pn/Pc is used to indicate

whether the nozzle is fio_ng full).

O I

_-- - At a maximum spacing ratio of about 0.2, all ejector configurations
!

could be started. This maximum yalue of spacing ratio was then used for

all subsequent ejector configurations reported herein.

Typical ejector perfo_e curves to shoo--the effect of variation

of second-throat length-to-diameter ratio on ejector starting- and

operating-pressure ratio are presented in figure 8. Minimum _jector

starting-pressure ratios with the conical nozzle occurred at lengthcto-

diameter ratios between 5 and 7 for all ejector configurations investigat-

ed. Minimum ejector operating pressures, however, occurred at length-to-

diameter ratios 9 to i0. In generai_ startifigz and operating-pressure

ratios for the conicai_nozzie were about doubled when the second-throat

length-to-diameter ratio was reduced _rgm about 6 to zero. Starting-

pressure ratios with the bell nozzle (fig. 8(b)) were not improved as

much with the addition of ejector throat !engt]_as were the starting-

pressure ratios with the conical nozzle. Considerable improvement in

the minim_m_ operating-pressure ratio, howeve_ was obtained by the addi-
r_ ttion of second-throat length. The low_ _ operating-pressure ratio_ about

14.03 occu_ed at the maximum length_to_diameter ratio investigated.

_nis maximt_n value of Z/dt, 2 al_o co_esponds to the highest starting-

pressure ratio, about 24.0_ and is about equal to the starting-pressure

ratio for an Z/dr, 2 of zero.

The effect of variation of ejector overall-length-to-maximum-

diameter ratio on the minimumstarting and operating pressure ratios for

the conical nozzle is shown in figure 9. _ne cQ1_iguration with contrac-

tion angles 5 of 6° exhibited the most desirable characteristics on the

basis of length and starting and operating pre_sl_re ratios. The optimum

contraction area _±o resulted in the maximum_!ue of 2.14 that could

be started; however, within the range investigated (_ = 1.66 to 2.i_] _

the effect b_qariation of _ was small. The minimum starting-pressure

ratio corresponding to the optimum configura_ionwas i_.5. __

Similar effects on ejector perfo_aance (although occurring a_higher

pressure ratios) of variation of L/Dej for the bell nozzle are illus-

trated in figure i0. The minimmm _tart_ _sure ratio for _ of _o

(fig. iO(a)) occurred at L/Dej of about S. The minimum operating-

pressure ratiO, ho%_ver_ would require _L/Dej_of iO or greater. For 5



of 15° (fig. lO(b)), the minimumstarting- and operating-pressure ratios
were nearly the sameand occurred at an L/Dej of about 6.

Maximumejector contraction ratio for starting as a function of
ejector inlet Machnumber is shownin figure ll. Experimental data are
presented both from the present investigation and from diffuser investiga-
tions with two-dimenslonal tunnels (refs. 3 to 5). Experimental data
obtained in the present investigation are shownfor second-throat ejectors
with 25:1- and 50:l-area-ratio conical nozzles. A theoretical curve is
included for the maximumtheoretical contraction ratio for starting based
on a normal shock at the ejector inlet for a specific heat ratio y of
1.4. The y of the expandedexhaust gases of most rocket engines is
less than 1.4. At these lower r values_ the theoretical _max is in-
creased. Although no data were obtained experimentally for the maximum
value of _ at high temperatures or with gases having other than _ of
1.4_ an ejector with a 9 value of 2.14 was successfully started using a
hot firing rocket (fig. ll). The y value for the expandedexhaust gas
of this rocket was between 1.3 and 1.4 (Aej/At, 1 = 28.2). The maximum
value of ¢ for rocket engines with conical nozzles maybe somewhat
greater than the experimental curve shownin figure ll. Therefore, this
curve should give conservative values for use in the design of ejectors
for rocket engines with conical nozzles.

A single point is shownin figure Ii for the maximumvalue of _ for
an ejector with the bell nozzle. It is believed that the lower value of
Cmax obtained for the bell nozzle was due to possible higher total-
pressure starting losses associated with this short nozzle design.

Ejector minimumstarting-pressure ratio as a function of ejector

inlet Mach number is shown in figure 12. Experimental data for straight-

tube and second-throat ejectors from the present investigation and from

the two-dimensional diffuser data of references 2 to 5 are presented.

A single point is also included :from the hot firing run made with a 5000-

pound-thrust rocket engine using a 25:l-area-ratioj 1S°-conical exhaust

nozzle. The second-throat ejector for this run had an s/Dej = 0.2_

8 = 6°_ @ = 2.14_ _/dtj 2 = 6.0, and 2:l-area-ratio subsonic diffuser. A

theoretical starting line calculated from one-dimensional normal-shock

theory is also included. The experimental nitrogen second-throat ejector

data presented are for an ejector configuration having a 6° contraction

angle and a second-throat Z/dt_ 2 of 6 to 8 with a 2:l-area-ratio sub-

sonic diffuser. A single data point is included for the configuration

having the lowest operating-pressure ratio. This configuration has a

contraction angle 5 of 3o with the same second-throat length and sub-

sonic diffuser as for the other configurations presented. Another data

point is included for the starting-pressure ratio with the bell nozzle

and similar ejector configuration. The contraction ratios for the data

presented here are shown in figure Ii.

I
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Figure 12 indicates t_t starting-pressure ratios considerably below

one-dimensional theory were obtained both for the three-dimensional

second-throat ejector data of the present investigation and for the two-

dimensional diffuser data of re_erence 5, Starting-pressure ratios for

the data of reference 2 were about equal to the one-dimensional theory 3

probably because of the use of a second throat having zero length. The

present investigation indicates at least for the Mach n_mber range from

5 to 6 t_t considerable improvement in starting-pressure ratio results

from second throats i_ving length-to-diameter ratios of about 6.0. A

single tailed _olnt at Mach number 7.2 from reference 5 also indicates

that starting_pressure ratios below one-dimensional theory are possible

for configurations with parallel-_lled second throats, _e straight-

tube ejector starting-pressure rat_i_ the present investigation were

slightly higher than one-dimensional theory. Ejector inlet Mach numbers

of the present investigation were _sed on the geometric ej_ctor-iniet-

to-nude±e-_oat area ratios a_d one-dimensional theory. Mach numbers

of reference 5 were based on Pit0t-tu_e pressure measurements at the

diffuser inlet.

Figure 12 can be used to estimate the performance of second-throat

ejectors that have _ _lues different from 1.4_ if the figure is

entered with a value of M_ based on the actual nozzle or ejector area
_j

ratio and _ of 1.4. Although only one data point obtained with a hot

firing rocket engine is available to check this procedurej reasonable ac-

cu_racy is assmmed for values of _ between i.o and !.4.

SUMMARY OF RESULTS

The following results were obtained in an experimental model study

of two zero-flow ejector types:

i. A minimt_m chamber-to-ambient _r_ng-pressure ratio of about 23

w_s obtained for both bell and i5°-conicai 25:l-area-ratio nozzles with

a straight-tube ejector having a length-to-diameter ratio of about 8 and

an ejector-to-nozzle-throat area ratio of 28.

2. A subsonic diffuser with a 2:1 _ea ratio attached to the end of

the straight-tube ejector had the effect of lowering the starting-pressure

ratio from about 25 to 22.

3. A reduction in the startir_-pressure ratio of 23 for the straight-

tube ejector to 13.5 for the seeom_oat ejector_ or about 41 percent_

was ooT_a!ned _ use of a second-thre_t ejector with a contraction angle of_- _

6°_ a contraction area ratio of _.14_ and an ejector overall-length-to-

maxim_-diameter ratio of 8.
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4. The minimumsecond-throat ejector starting-pressure ratio occurred
with a 6° convergent angle and with a second-throat length-to-diameter
ratio of about 6 to 8.

5. Maximumexperimental second-throat contraction area ratios that
permit ejector selection over a wide range of ejector inlet Machnumbers
are given.

6. Ejector performance is given which permits estimating starting-
pressure ratios for a range of ejector inlet Machnumbers.

Lewis Research Center
National Aeronautics and SpaceAdministration

Cleveland_ Ohio_ September25_ 1959
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[Ae,5/Aej or Ae,z/At,2, 2.0; O, 80.]

(a) Stralght-tube ejectors

Nozzle e Aej/At, i L/Dej Subsonic diffuser

15 ° Conical

Bell

25:1

25:1

25:1, 50:1

25:1

L

!

28

55

51

28

33

51

2 to 16

2 to 16

2to9

2 to 9

2 to 16

2 to 16

With and without

i

Without

Nozzle

15 ° Conical

Bell

(b) Second-throat ejectors with subsonic diffuser

25 :i

50 1

25:1

iL E
30 2.48

2.52

2.14

1.84

1.66

57 _ .48

i 2.32
2.14

50 2.48

2.14

1.84

1.66

s/Dej 5, deg Z/dt. 2

0.18 to 5.2

0

0 to 5.2

.18 to 5.2

0 to 3.2

0.15 to 1.64

•15 to .65

.13 to 1.64

0.18 to 5.2

,18 to 5.2

I

0 to 3.20 to 3.2

5_ 6

6

3_ 6_ 15

6

!
T

0 to I0.0

6.0

0 to i0.0

0 to i0.0
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_ I. - S.T_.C_O_CONFrQU_IONS

[Ae,3/Aej or Ae,3/At,2, 2.0", O, 8o.]

(a) Straight-tube ejectors

Nozzle

i

15 ° Conicail

Bell

25:1

25:i

25:1, 50:i

25:i

I
t

IAej/At,l

28

33

51

28

33

51

L/Dej

2 to 16

2 to 16

2 to 9

2 to 9

2 to 16

2 to i6

Subsonic diffuser

With and without

T

Without

Nozzle

(b) Second-tDmoat ejectors with subsonic diffuser

g

15 ° Conical 25:!

P
1
I

1
T

50:i

Bell

Aej/At,l

30

57

3O

2.48

2.32

2.14

1.84

1.66

2.48

I
2.32

,2.14

I ....

z 2.48
I

25:1
i

J
t,

S/Oej

0.18 to 3.2

0

0 to 3.2

.i8 to 3.2

0 to 3.2

0.13 to 1.64

.15 to .63

.13 to 1.64

0.18 to 3.2

5_ deg

3_ 6

6

3, 6_ !5

6

3_ 6

0 to I0.0

6.0

0 to i0.0

J

0 to I0.0

I 2.14:

i. 84

1.66

.18 to 3.2

0 to 3.2

0 to 3.2

1

11
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